The paraventricular nucleus of the thalamus (PVT) is not traditionally considered part of the brain addiction neurocircuitry but has received growing attention with regard to a role in the modulation of drug-seeking behavior. This study sought to establish the pattern of neural activation induced by a response-reinstating discriminative stimulus (S D ) conditioned to either cocaine (COC) or a conventional reinforcer using a palatable food substance, sweetened condensed milk (SCM 
INTRODUCTION
Drug addiction is a chronic relapsing disorder that is characterized by compulsive drug seeking and use (O'Brien & McLellan 1996; Leshner 1997; O'Brien et al. 1998; McLellan et al. 2000) . Major advances have been made in elucidating the neurocircuitry that mediates drug craving and seeking. Compelling evidence suggests that these behaviors are controlled by interconnected cortical and limbic brain regions, including the medial prefrontal cortex, basolateral amygdala, hippocampus, nucleus accumbens (NAC), ventral tegmental area and dorsal striatum (Everitt, Dickinson & Robbins 2001; Cardinal et al. 2002; Goldstein & Recently, the paraventricular nucleus of the thalamus (PVT) has received attention as a brain site that participates in the regulation of drug-seeking behavior. Anatomically, the PVT is the target of numerous hypothalamic neuropeptidergic projections, with a major role in energy homeostasis (Freedman & Cassell 1994; Otake 2005) . The PVT plays a role not only in energy homeostasis but also in arousal, endocrine regulation and reward (Bhatnagar & Dallman 1998 ; Van der Werf, Witter & Groenewegen 2002; Kelley, Baldo & Pratt 2005; Parsons, Li & Kirouac 2006) . The PVT receives a major orexin/hypocretin (Orx/Hcrt) projection from the lateral hypothalamus/perifornical hypothalamus (LH/ PFA; Kirouac, Parsons & Li 2005; Parsons et al. 2006) . The PVT has been proposed to be a key relay station that gates Orx/Hcrt-coded reward-related communication between the LH/PFA and both the ventral and dorsal striatum (Kelley et al. 2005) . The PVT also receives major glutamatergic projections from prelimbic and infralimbic cortical areas that may transmit information about emotional states (Heidbreder & Groenewegen 2003; Kesner & Churchwell 2011; Li & Kirouac 2012) .
Although the PVT has not traditionally been thought of as part of the addiction neurocircuitry, its connectivity, particularly with the hypothalamic Orx/Hcrt system and medial prefrontal cortex (mPFC), suggests a role in the motivational effects of drugs of abuse. Several recent findings support this hypothesis. The PVT is activated by the presentation of cocaine (COC)-paired cues (Brown, Robertson & Fibiger 1992) , and PVT inactivation by tetrodotoxin prevents COC priming-induced reinstatement (James et al. 2010) . The PVT is also the target of hypothalamic Orx/Hcrt projections that are activated by alcohol-related contextual cues. More specifically, rats that were exposed to contextual stimuli that were associated with alcohol availability exhibited a greater number of Fos + hypothalamic Orx/Hcrt neurons than rats that were exposed to stimuli that were previously paired with non-reward. In the same rats, alcohol-related stimuli increased the number of Fos + neurons in the PVT, neurons that have been shown to be closely associated with Orx/ Hcrt afferents (Dayas et al. 2008) . A role for the PVT in alcohol seeking has also received direct support from findings that the context-induced reinstatement of alcoholic beer seeking is associated with activation of the PVTventral striatum pathway, which, if prevented by excitotoxic lesions of the PVT (Hamlin et al. 2009) or local injection of a κ opioid receptor agonist (Marchant, Furlong & McNally 2010) , eliminates the context-induced reinstatement of alcohol seeking. Overall, these findings suggest that the PVT participates in mediating associations between drugs of abuse and drug-related environmental stimuli and their behavioral consequences. The goal of the present study was to advance our understanding of the role of the PVT in COC-seeking behavior, with the parallel objective of establishing the role of the PVT in the motivating effects of a highly potent food reinforcer relative to its role in COC seeking. This objective was considered relevant because the hypothalamic-PVT-striatal axis has been implicated in feeding behavior and the creation of energy reserves (e.g. Kelley et al. 2005) . Quantitative Fos immunolabeling was used to determine neuronal activation of the PVT that is produced by the presentation of COCrelated stimuli compared with stimuli that are conditioned to sweetened condensed milk (SCM) using an animal model of relapse.
MATERIALS AND METHODS

Rats
Forty-six male Wistar rats (Charles River, Wilmington, MA, USA), weighing 200-225 g upon arrival, were housed two per cage in a temperature-and humiditycontrolled vivarium on a reverse 12 hours/12 hours light/dark cycle with ad libitum access to food and water. All of the procedures were conducted in strict adherence to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute.
Self-administration, conditioning and extinction
Behavioral training and testing were conducted as previously described (Martin-Fardon et al. 2007 . Rats that were designated for COC self-administration were surgically prepared with indwelling silastic catheters that were inserted in the right jugular vein. Rats that were designated for testing with SCM were not subjected to surgical procedures. Following 7 days of post-surgery recovery, the rats began self-administration training. Each session was initiated by the extension of two retractable levers into the operant conditioning chamber. The selfadministration of COC (0.25 mg/0.1 ml infusion; delivered over 4 seconds) or SCM [2:1 (v/v) in water; 0.1 ml delivered into a 0.2 ml receptacle) began on a fixed-ratio 1 (FR1) schedule of reinforcement in daily 120-minute (COC) or 40-minute (SCM) sessions, 5 days per week. Responses at the right, active lever were reinforced, followed by a 20-second timeout (TO) period that was signaled by illumination of a cue light above the active lever. During this time, the lever remained inactive to prevent accidental overdosing. To maintain identical training and experimental conditions, the signaled TO period was also implemented during SCM selfadministration. Responses at the left, inactive lever remained without programmed consequences. Following 2 weeks of COC or SCM self-administration training, a contingency was introduced whereby responses at the active lever were differentially reinforced in the presence of discriminative stimuli (S , responses at the right, active lever were reinforced by COC or SCM on an FR1 schedule, followed by the 20-second TO period that was signaled by illumination of a cue light above the lever. In the presence of the S − , responses at the right, active lever were followed by an intermittent tone, during which the lever remained inactive for 20 seconds. Three daily sessions (each lasting 1 hour for the COC group and 20 minutes for the SCM group), separated by 30-minute intervals, were conducted, with two S + (reward) sessions and one S − (nonreward) session sequenced in random order. The SCM sessions were restricted to 20 minutes to avoid satiety by the excessive ingestion of SCM and ensure that the number of responses were comparable during the first and second S + sessions (Martin-Fardon et al. 2007 . During extinction sessions, responses at the lever remained nonreinforced. The extinction criterion was less than five responses per session for 3 consecutive days.
Conditioned reinstatement
Reinstatement tests were conducted under extinction conditions but with reintroduction of the S D , such that the COC and SCM groups were further divided into S + and S − test groups (four groups total, two for COC and two for SCM). The reinstatement tests lasted for 30 minutes, after which the animals were returned to the vivarium for an additional hour (corresponding to 90 minutes after the beginning of the behavioral test). Four rats were lost in the COC group (two because of health complications and two that failed to acquire COC self-administration), reducing the number of animals to n = 18 for COC (9 for S + and 9 for S − ), n = 16 for SCM (8 for S + and 8 for S − ) and n = 8 for naïve.
Immunocytochemistry
One hour after the reinstatement session, the rats were deeply anesthetized and transcardially perfused with cold 4 percent paraformaldehyde in 0.1 mM sodium tetraborate, pH 9.5. Brains were removed, postfixed in 4 percent paraformaldehyde overnight and stored in 30 percent (w/v) sucrose, 0.1 percent (w/v) sodium azide and potassium phosphate buffer saline (KPBS) solution. The brains were coronally sectioned in a one-in-six series of adjacent 40 μm sections on a cryostat at −20°C and collected in strict anatomical order. The sections were then processed for Fos immunodetection. Briefly, one series of coronal sections were blocked for 1 hour using 3 percent bovine serum albumin/1 percent Triton-X/phosphatebuffered saline, followed by incubation for 48 hours at 4°C with anti-Fos (1:20000, sc-52, Santa Cruz Biotechnology, Santa Cruz, CA, USA). The tissue sections were then incubated with biotinylated secondary donkey anti-rabbit antibody for 2 hours (1:300, 711-065-152, Jackson Immuno-Research, West Grove, PA, USA), followed by ABC-Elite (Vector Laboratories, Burlingame, CA, USA). Nuclear Fos immunostaining was visualized using (3,3′-diaminobenzidine-nickel). Fos + PVT neurons (typical range: −1.8 and −3.3 from bregma; Paxinos, 1998; Fig. 1 ) were counted manually. For immunocytochemistry, an age-matched naïve group of rats was prepared (never exposed to the behavioral chambers) and the brain tissues were processed as mentioned previously for the other animals.
Statistical analysis
Conditioned reinstatement data and the percentage of naïve Fos + cells were analyzed using two-way ANOVA, with group (COC and SCM) and reinstatement test (behavior following S + or S − presentation) as independent factors. Raw Fos data were analyzed using betweensubjects one-way ANOVA. Significant main effects or interactions in the ANOVA were followed by Bonferroni post hoc tests. Differences in responding at the active lever between the respective reward and non-reward conditions during the last day of the training/conditioning phase were analyzed using paired t-tests. Pearson's r correlation coefficients were determined to establish the linear dependence between the number of operant responses during the reinstatement tests and the number of Fos + cells. 
RESULTS
Self-administration, conditioning and extinction
Rats in both the COC (n = 18) and SCM (n = 16) groups acquired robust and stable self-administration, with only negligible responding during non-reward sessions (paired t-test: COC, t17 = 9.8, P < 0.0001; SCM, t15 = 78.8, P < 0.0001; Fig. 2a & b) . The number of days to reach the extinction criterion (≤5 responses) was similar for both COC and SCM animals (12 ± 3 days and 13 ± 5 days, respectively).
Conditioned reinstatement
Following extinction, presentation of the COC S + or SCM S + (Fig. 2c) 
Effect of COC and SCM cues on Fos immunoreactivity
In COC animals, only rats that were presented with the COC S + exhibited a significant increase in Fos expression in the PVT compared with the non-reward S − and naive control group (one-way ANOVA: F4,37 = 6.5, P = 0.0005; Bonferroni: P < 0.05 versus COC S − ; P < 0.05 versus naïve; Fig. 2d ). In contrast, both the SCM S + and nonreward S − produced similar increases in Fos expression compared with naïve animals (Bonferroni: P < 0.05; Fig. 2d) Fig. 2d inset] .
Correlational analysis revealed a significant relationship between the number of Fos + cells and number of reinstatement responses in rats that were presented with the COC S + (r = 0.75, P = 0.0185; Fig. 3a) but not in rats that were presented with the SCM S + (Fig. 3b) . No correlations were found between the number of Fos-expressing neurons and COC S − or SCM S − responses ( Fig. 3c & d) .
DISCUSSION
The results confirmed that response-reinstating exposure to a COC-predictive stimulus (S + ) is associated with significant neural activation of the PVT and extend similar previous findings (Brown et al. 1992) by establishing that this effect is positively correlated with the number of COC-seeking responses induced by the COC cue. Presentation of the stimulus that was predictive of potent food reward (SCM S + ) elicited reinstatement that was statistically identical to reinstatement produced by the COC S + but induced only non-specific Fos expression that was not correlated with behavior and similar to the effects of the stimulus that was predictive of non-reward (SCM S − ). These findings implicate the PVT as an important site that regulates the control of COC seeking induced by environmental stimuli but not behavior controlled by stimuli conditioned to a highly palatable food reward. One may argue that the differences observed between the COC and SCM groups on PVT activation may be attributable to procedural differences. Oral availability of SCM provided olfactory cues during self-administration, possibly adding a salient stimulus dimension to the S + context not present during intravenous self-administration of COC. The absence of this stimulus dimension during reinstatement testing may have resulted in a weaker reinstatement compared with COC seeking; however, the data and previous findings do not support this interpretation. The magnitude of the responses induced by the COC S + and SCM S + during the reinstatement tests was statistically identical, suggesting that reliable and comparable conditioning occurred for SCM and COC as also documented in several earlier studies (Baptista, Martin-Fardon & Weiss 2004; Martin-Fardon et al. 2007 . Activation (i.e. increased Fos expression) of the PVT showed a strong positive correlation with the degree of COC seeking and therefore is indicative of a role of neuronal activation in COC-seeking behavior. This interpretation is consistent with previous findings that showed a positive correlation between morphine preference scores and Fos expression in the anterior cingulate, basolateral amygdala and ventral lateral bed nucleus of the stria terminalis (Harris & Aston-Jones 2003) as well as a correlation between the activation of hypothalamic Orx/Hcrt neurons and reinstatement of morphineinduced conditioned place preference (Harris, Wimmer & Aston-Jones 2005) .
The response-reinstating actions of the SCM S + were associated with significant activation of the PVT, similar to the effects of the COC S + . The PVT has been implicated in the regulation of feeding (Kelley et al. 2005) and is a critical site for the mediation of reward-based feeding (Choi et al. 2012) . Moreover, the expectation of a highly palatable natural reward (e.g. chocolate) has been shown to produce neuronal activation in the PVT (Choi et al. 2010 ). This effect is consistent with the present findings of PVT activation by the SCM-predictive stimulus (S + ). However, activation of the PVT by the SCM S + was not correlated with the reinstatement of SCM seeking, and the SCM S − that did not elicit reinstatement produced the same degree of PVT activation as the SCM S + . These observations argue against a role for the PVT in behavior controlled by stimuli that are conditioned to highly palatable food reward. However, because the PVT is activated by the expectation to receive highly palatable food, one possibility for the comparable activation of the PVT by both the SCM S + and SCM S − is that the operant chamber itself, as part of the stimulus environment associated with the availability of highly palatable food, is a sufficiently strong stimulus to elicit neuronal activation. Another possible explanation for the equivalent activation of the PVT by the SCM reward-predictive and nonpredictive stimuli is that these effects reflect non-specific arousal rather than direct responses to the stimuli. However, if this were the case, then one would expect that the COC S − would also induce neural activation related to non-specific arousal, which did not occur. Another hypothesis to explain the similar Fos expression induced by the SCM S + and SCM S − could be that the SCM S + and SCM S − activated a similar number of neurons, but from distinct neuronal populations of which only one mediates active SCM seeking. This hypothesis could be confirmed in the future by selectively inactivating neurons that are activated by the SCM S − using the Daun02 method (Koya et al. 2009 ) and assessing whether reinstatement induced by the SCM S + is conserved in subsequent tests.
Another hypothesis to explain the strong neural activation by the SCM S − is that increased Fos expression reflects active response inhibition mediated by a neural population distinct from that activated by the S + . However, this hypothesis is difficult to reconcile with the lack of neural activation produced by the COC S − .Thus, the reason for the equivalent activation of the PVT by the SCM S + and SCM S − remains presently unclear and sharply contrasts the selective and behaviorally correlated PVT activation by the COC S + . A possible explanation for why a significant correlation between Fos expression and conditioned reinstatement occurred only in the COC group and not in the SCM group is that during self-administration, COC altered PVT neurotransmission. Supporting this hypothesis, as yet unpublished data from this laboratory show that intra-PVT Orx-A/Hcrt-1 injections exert a priming-like effect (i.e. reinstatement of both COC and SCM seeking), but with a vastly different dose-response profile, characterized by substantially stronger reinstatement of COC versus SCM seeking at moderate doses (Matzeu, 2013) . Although the data do not permit definitive conclusions about the dissociation between the sole effects of the COC S + on Fos expression versus the effects of COC-seeking behavior itself on inducing Fos expression in the PVT, the present findings support the existing data on the importance of the PVT in drug-seeking behavior. The behaviorally correlated increase in Fos immunoreactivity induced by the COC S + supports the hypothesis that the PVT plays a specific role in COCseeking behavior. This finding also suggests that the PVT is an integral part of the brain addiction neurocircuitry. In fact, the PVT connects with brain structures that mediate craving and COC seeking, such as the mPFC, NAC and amygdala (Chen & Su 1990; Moga, Weis & Moore 1995; Vertes & Hoover 2008) . The PVT has been shown to receive very dense inputs from the mPFC (Li & Kirouac 2012) , suggesting that these connections may modulate the expression of COC-seeking behavior (Di Pietro, Black & Kantak 2006; Di Ciano et al. 2007 ). The PVT also sends glutamatergic projections to the NAC. Stimulation of this projection increases glutamate levels in the NAC (Jones, Kilpatrick & Phillipson 1989; Parsons, Li & Kirouac 2007) , an effect thought to be linked to COC-seeking behavior (Cornish & Kalivas 2000) . It has also been shown that the context-induced reinstatement of alcoholic beer seeking is associated with PVT-NAC pathway recruitment (Hamlin et al. 2009 ). Thus, growing evidence supports a role for PVT projections to the NAC in the regulation of drug-seeking behavior.
In conclusion, the results show that the PVT is selectively recruited during COC-seeking behavior, reflected by a positive correlation between COC-seeking behavior and PVT activation. However, a 'selective' role of the PVT in COC seeking will require verification by direct experimental manipulations of the PVT, such as transient inactivation or selective inactivation of neuronal ensembles that are activated by COC and SCM cues using the Daun02 inactivation method to confirm that non-functionality of the PVT prevents COC-but not SCM-seeking behavior.
